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that compares method of production and feeding value. Variables for consideration include the extraction, drying, and storage of the co-product. For example, the algae may be grown in outdoor ponds, collected and passed through a series of cleaning screens, and spray dried to remove the moisture, resulting in a dry algae product [1] . Algae, in general, is high in several nutrients including: CP, beta carotene, gamma linolenic acid, vitamin B 12 , and iron [2, 3] .
As a human supplement, the effect of algae has been documented. In several studies it has been reported that algae supports the immune function in humans [3] [4] [5] [6] . Algae was found to decrease inflammation and contain antioxidant agents in several studies [3, 6, 7] . Little research exists testing algae's effects in animal production. Ross and Dominy reported no detrimental effects by feeding broiler chickens up to 12% Spirulina algae [8] . Drewery and cohorts reported no significant differences in forage intake, digestion, or nitrogen balance with steers fed algae [9] . Becker named algae as a novel source of protein. Becker compared algae's amino acid profile to egg and soybean and demonstrated similarities with an egg profile; the author also cited poultry as the target domestic animal [10] . Therefore, there is potential for algae as an animal feed ingredient.
The objectives of this study were to determine digestible nutrient values for a commercially available Spirulina algae (Study 1), formulate and pellet a practical broiler starter diet using these data (Study 2), and assess feeding diet formulations with varying levels of algae on Hubbard X Cobb 500 broiler performance and apparent ileal amino acid digestibility (AIAAD) (Study 3).
MATERIALS AND METHODS
The algae used in these studies was a dried commercial Spirulina algae source that was not fat-extracted and with an average particle size of 331 μm (Table 1) .
Study 1
Three treatments, 100% corn, 100% algae, and 50:50 corn:algae were precision fed to 30-week-old intact Single Comb White Leghorn 4 Non-phytate phosphorus = total phosphorus − (0.282 × phytic acid) [44] .
roosters to determine TMEn [11] . The 50:50 corn: algae treatment was used to account for potential passage rate or viscosity detriments of feeding the finely powdered algae. A non-feed control was used (roosters were not precisionfed) to account for endogenous energy losses. A total of 24 Single Comb White Leghorn roosters were used, with 6 replications per treatment and control. These same treatments were precision fed to a total of 24 cecectomized Single Comb White Leghorn roosters also 30 wk age, with 6 replications per treatment and control, to determine true amino acid digestibility (TAAD) [12] . A cornstarch control was used to account for endogenous amino acid losses. Roosters were fasted for 24 h prior to precision feeding. A 30 g sample of each treatment was placed directly into the rooster's crop, and excreta was collected for 48 h [13] . Excreta was then dried and sent to a commercial laboratory for nitrogen analysis [14, 15] or total amino acid content [16, 17] .
Study 2
The data from Study 1 as well as nutrient composition (Table 1) obtained from a commercial laboratory [18] was utilized to formulate a diet with 21% algae. A 0% algae control diet was also formulated utilizing similar ingredients as well as ME, TSAA, digestible lysine, digestible threonine, sodium, calcium, and available phosphorus ( Table 2 ). Algae inclusion into diet formulation was accomplished by replacing approximately 60% of the soybean meal and 40% of the animal/vegetable blend fat compared to the 0% algae diet ( Table 2 ). All feed was manufactured at West Virginia University's pilot feed mill. All batches of feed were mixed for 10 min dry and an additional 10 min postfat addition using a single screw vertical mixer [19] . Allotments weighing 340 kg each were created for the 0 and 21% algae diets in accordance with diet formulations. In addition, a 230 kg allotment of feed was batched in accordance to the 0% algae diet with the addition of 2.9% green gel food coloring [20] . The food coloring treatment was created to explore potential feed intake effects that may result from the vibrant green color of the feed due to algae inclusion. All batches of feed were steam-conditioned and pelleted. Initially feed was passed through a 1.3-m long conditioner with a diameter of 0.31 m and 10 s retention time [21] . Treatments were steam conditioned at 82
• C and pellets were formed using a 40-horsepower California pellet mill [22] equipped with a 4.8 × 44.5 mm pellet die. The pellets were cooled with ambient air utilizing a horizontal belt cooler [23] . Once conditioning temperature reached a steady state during pelleting, mash samples were taken from the feed screw auger that conveyed feed into the conditioner and corresponding pellet samples were taken from the cooler discharge.
These samples were analyzed for CP, calcium, total P, and phytic acid at a commercial laboratory [24, 25] . Samples were also collected for DM analysis at several stages in the pelleting process, including: at the end of the conditioning barrel prior to pelleting (hot mash) and immediately after extrusion from the pellet die (hot pellet). A pelleted sample was collected directly from the pellet die and placed into an insulated container to determine hot pellet temperature; temperature measurements were obtained using a thermocouple thermometer [26] and an 80PK-24 temperature probe. Pellet durability index and modified pellet durability index were performed using a Pfost tumbling box on all treatments 1 d after pelleting [27] . In addition, pellet durability was determined using a New Holmen pellet tester [28] . All batches of feed were ground with a roller-mill to eliminate potentially confounding feed form effects and the 0 and 21% algae batches were mixed in different ratios to create 3 additional diets that contained 6, 11, and 16% algae.
Study 3
All animals were reared according to protocols established by the West Virginia University Animal Care and Use Committee. A total of 1,000 1-day-old straight-run Hubbard X Cobb 500 [29] broiler chicks were obtained from a commercial hatchery [30] . On d 3, all chicks were individually weighed and allotted into 10 weight groups. One bird from each group was placed in each of 96 raised wire battery cages to create the study unit. Each of the dietary treatments was randomly assigned to pens blocked by location, creating a randomized complete block design. Each treatment was replicated 16 times. Feed and water were provided for ad libitum consumption. Measured variables for the d 3 to 21 study period included: d 3 starting bird weight, d 21 ending bird weight (EBW), feed intake, live weight gain, mortality percentage, and FCR corrected for mortality weight. On d 21, birds were weighed by pen and killed via cervical dislocation and the ileum (defined as the portion of the small intestine extending from the Meckel's diverticulum to the ileal-cecal junction) was excised [31] . This section was cut in half and the lower section used for collection.
The lower ileum was gently flushed with distilled water and the digesta washing was collected. The digesta collected was lyophilized at −40
• C for 72 h. Once dry, all digesta was ground and analyzed for total amino acid concentration [17] . A portion of the digesta was ashed at 600
• C for 16 h, acidified using sulfuric acid, diluted with double-distilled H 2 0, filtered, and titanium dioxide levels were determined using inductively coupled plasma-mass spectrometry [32] . These data were used to calculate AIAAD, and is presented as the percentage of digestible amino acid within the total diet; these data were calculated using the equation listed below.
AIAAD was calculated using the following equation:
Statistical Analysis
Data was analyzed using one-way ANOVA with SAS software [33]. Significant differences were determined based on α ≤ 0.05. Means were separated using Fisher's LSD test and letter superscripts were used to denote differences among treatment means.
RESULTS AND DISCUSSION

Study 1
The TMEn and TAAD values are presented in Table 3 . All treatments were significantly different from one another (P < 0.0001). The 100% corn treatment demonstrated the highest TMEn value of 3,335 kcal/kg, the 100% algae treatment resulted in the lowest TMEn value of 2,839 kcal/kg, and the 50:50 corn:algae treatment was intermediate with a TMEn value of 3,057 kcal/kg. The TMEn value of soybean meal has previously been reported to be 2,461 kcal/kg [34] . Based on these data, algae has an energy value above soybean meal and approximately 90% the energy of corn.
The 100% algae treatment resulted in the highest percent digestible amino acid values, the 100% corn treatment resulted in the lowest Table 3 . TMEn and TAAD value for treatments 100% corn, 100% algae, 100% soybean meal, and 50:50 corn:algae (Study 1).
Treatment [35] . Therefore, algae percent digestible amino acid values are more similar to soybean meal [35] rather than corn, indicating that algae has potential to replace this ingredient in diet formulation.
Study 2
Descriptive feed manufacture data are presented in Table 4 . This data was not replicated and should be considered descriptive. The 21% algae diet decreased production rate and increased hot pellet temperature as compared to the 0 and 0% algae with food coloring diets. Production rate decreased from 0.72 to 0.53 metric ton/h for the 0 and 21% algae diets, respectively. The 0% algae with food coloring diet was similar to the 0% algae diet at 0.70 metric ton/h. Hot pellet temperature increased from 79.4 to 84.0
• C for the 0 and 21% algae diets, respectively. The 0% algae with food coloring diet was similar to the 0% algae diet at 79.2
• C. Pellet durability was increased for the 21% algae diet. The pellet durability index determined with a Pfost tumbling box resulted in 97.7% durable pellets for the 21% algae diet compared to 73 and 77.9% durable pellets for the 0 and 0% algae with food coloring diets, respectively. The and modified pellet durability index had a similar effect with the 21% algae diet resulting in 97.5% durable pellets while the 0 and 0% algae with food coloring diets resulted in 62.8 and 68.1% durable pellets, respectively. The New Holmen pellet tester was also used to determine pellet durability [36] . Percent durable pellet for this test was 45.5, 48.8, and 97.4% for the 0, 0 with food coloring, and 21% algae diets, respectively. All assays demonstrated a remarkably high durability for the 21% algae diet. The authors speculate that algae may be a pellet binder. The powdery consistency of algae may have filled interstitial spaces within the pellet, while the high CP value could have resulted in protein gelation. These factors likely contributed to increased retention time in the die, thus decreasing production rate, increasing hot pellet temperature and ultimately improving pellet durability. This concept can be supported by past research conducted by Gehring and coauthors, who demonstrated decreased pellet mill production rate and increased pellet durability with a 5% inclusion of a trout protein paste (CP = 85.77%) [37] . Similarly, Buchanan and Moritz reported improved pellet quality with a 5% inclusion of soy protein isolate or cellulose [38] .
Study 3
Data for bird performance are presented in Table 5 . Day 3 starting bird weight, by pen, was not significantly different (P > 0.05). Day 21 EBW was significantly different (P = 0.0310). The 16% algae diet resulted in the highest EBW which was statistically similar to the 0, 6, and 11% algae diets, while the 21% algae diet resulted in the lowest EBW and was statistically similar to the 0% algae with food coloring diet.
Significant differences were observed for live weight gain (P = 0.0269) demonstrating that birds fed the 16% algae diet resulted in the largest weight gain and were statistically similar to birds fed the 0, 6, and 11% algae diets, while birds fed the 21% algae diet gained the least amount of weight and were statistically similar to birds fed the 0% algae and 0% algae with food coloring diets. The authors appreciate that birds raised in this study did not meet breed weight expectations. However, breed standards are based on birds raised on shavings and birds in this study were reared in wire floored cages, adding a stressor that likely contributed to the lowered BW.
There was also a significant difference for feed intake (P = 0.0024) demonstrating that birds fed the 0, 6, 11, and 16% algae diets consumed similar amounts of feed, while the birds fed the 21% algae diet consumed the least amount of feed and were statistically similar to birds fed the 0% algae with food coloring diet. While not significant, there was a trend towards a lowered FCR for the 21% algae diet (P = 0.0636). This trend was associated with the lowered EBW and feed intake for this diet.
These findings are similar to results observed by Ross and Dominy who found no detrimental effects to feeding broiler chicks diets containing Spirulina algae upto [8] . Aswith other ingredients (i.e. corn DDGS and soybean meal), processing specifics can influence nutrient composition and ultimately affect performance [39] [40] [41] . The algae product used by Ross and Dominy contained similar total nutrient compositions as the algae used in the current study. The algae product nutrient similarities and performance results from the Ross and Dominy study support the findings of the studies presented in this paper.
The AIAAD data are presented in Table 6 . Significant differences were observed for all amino acids analyzed except for isoleucine (P < 0.0001). The diets containing 6, 11, and 16% algae were statistically similar to the 0% algae diet for digestible threonine and valine. The diets containing 6 and 16% algae resulted in the highest digestible proline and alanine values that were statistically higher than the 0% algae and 0% algae with food coloring treatments. The diets containing 6, 11, and 16% algae resulted in the highest digestible glycine and leucine values that were statistically higher than other dietary treatments (P < 0.0001). All diets containing algae demonstrated greater digestible methionine values than the 0% algae treatment (P < 0.0001). The 16% algae diet resulted in the highest digestible aspartic acid (P < 0.0001), cysteine (P = 0.0254), and lysine (P < 0.0001) values compared to all other dietary treatments. However, AIAAD values (Table 6) were lower than calculated dietary values (Table 1) , likely also contributing to lower BW.
The authors speculate that TAAD data may have underestimated AIAAD. This may be supported by research conducted by Kadim and others where significant differences were observed between ileal and excreta-based digestibility values [42] and in some cases found amino acid digestibility was underestimated by excreta analysis [43] .
Broilers fed the 21% algae diet demonstrated a decrease in performance and amino acid digestibility. The authors speculate this may have been caused by the same process that increased pellet durability. Protein gelation during pelleting may have increased viscosity of digesta, Table 6 . Percent digestible amino acid 1 for diets containing 0, 6, 11, 16, 21% algae, and a diet containing 0% algae with a green food coloring addition using Hubbard X Cobb 500 straight-run broiler ileal digestibility (Study 3). preventing endogenous enzymes access to substrates in the gastrointestinal tract, thus decreasing performance and amino acid digestibility. However, increased algae inclusions up to 16% may have slowed digesta passage rate and improved digestibility. The authors emphasize that the algae used in these studies was a commercially available, full-fat product. Further research should be conducted to compare the effects of full-fat and fat-extracted algae products on broiler performance, as well as a pelleting study to determine the minimum level of algae required to induce the binding effect observed in Study 2. Overall, these data demonstrate value for Spirulina algae inclusion in practical starter diet formulations. Pellet durability index was determined by sifting 500 g pellets from a treatment through a No. 6 American Society for Testing and Materials (ASTM) screen before being deposited into a Pfost tumbler. The sifted pellets were then tumbled in the container, dimensions 5 × 12 × 12 in., with a 2 × 9 in. plate fixed diagonally along the 12 × 12 in. side, for approximately 10 min at 50 rpm. The sample was then sifted again through the No. 6 (ASTM) mm screen, weighed, and the percentage of pellets was calculated by dividing the weight of pellets after tumbling by the weight of pellets before tumbling and then multiplying that value by 100. Modified pellet durability index was similarly measured, with the exception of the addition of five, 13-mm hexagonal bolts to the 500 g sample in the tumbler. Both analyses are meant to simulate the deleterious effects of transferring and handling the pellets.
CONCLUSIONS AND APPLICATIONS
28. Pellet quality was assessed 1 d following production using the New Holmen portable pellet durability tester, Lignotech USA, Inc., Rothschild, WI. Pellets (100 g) were placed in the chamber, blown about for 60 s by a jet of air, and then weighed, giving a direct read of pellet durability. Fines are removed during the blowing process.
29. Cobb-Vantress, Siloam Springs, AR. 30. Pilgrims Pride Hatchery. Moorefield, WV.
